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Delivery of DNA into Regenerable Tissues of Monocots 
Using High-Velocicy Microprojecuiles 


Investigators: John C. Sanford 
Theodore M, Klein 
Ray Wu 


Summary 


We have developed an entirely new method for introducing DNA into plant cells. 
Small tungsten particles (refered to as microprojectiles) can be accelerated to high velocities 
with a device termed a particle gun. The velocities attained by the microprojecuiles are 
sufficient to permit their penetration of cell walls and membranes in a non-lethal manner. 
Using epidermal cells of Allium cepa as a model system, we have demonstrated that large 
numbers of cells can be penetrated simultancously and that most (>90%) of these cells 
survive bombardment. Several (1 to 10) microprojectiles can routinely be observed within 
living cells and these microprojectiles generally move in conjunction with the cytoplasmic 
stream, DNA- or RNA- coated microprojectiles can be accelerated into plant cells. Using 
the particle gun, we have shown that RNA from tobacco mosaic virus can be delivered in a 
biologically active form to large numbers of cells simultaneously. Using a plasmid that 
contains the chloramphenicol acetyltransferase gene, we have demonstrated the genetic 
wansformation of intact monocot tssue using the particle gun. 


The advantages of this new method are numerous. Because substantial amounts of 
DNA are mechanically deposited in the cell, high rates of rwansformation can be achieved 
without the use of an infectious agent, Thus the complexities and host range problems 
associated with the Agrobacreriwn system are entirely avoided. In addition, genetic 
material can be delivered to many cells simultaneousy, as they occur in their natural state in 
embryogenic or organogenic tissue. The ability to efficiently deliver DNA to these tissues 
should gready facilitate the regeneration of transformed plants of species that currently 
cannot be regenerated from protoplasts. We feel that the particle gun process may prove 
pivitol for the genetic engineering of many important monocots (specifically the cereal 
crops} and might eventually provide a universally applicable process to transform plants. 

To date most of our experience is with A. cepa. Our new efforts will focus on 
factors affecting the efficiency of transformation of epidermal cells of A. cepa with the 
particle gun. Various parameters (i.e., conditions used to bind DNA to the 
microprojectiles, number and velocity of the microprojectiles used to bombard the tissue, 
etc.) will be optimized for efficient transformation. Concurrent with this work, we will 
initiate research with another model system, tobacco, which is highly amenable to growth 
and regeneration in vitro, In an effort to recover plants transformed with the particle gun, 
we will bombard leaf discs and callus with microprojectiles that have been coated with a 
plasrmid that harbors a selectable marker that confers resistance to kanamycin, 
Subsequently, the tissue will be transferred to a medium that promotes regeneration. 
Transformation will be confirmed using nopaline assays and Southern hybridizations. We 
then plan to expand our findings from model systems to agriculturally important species 
such as corn and rice. Embryogenic or potentially embryogenic tissue of these species will 
be bombarded at various stages of development. Immature embryos, meristematic shoot 
lips, and the callus derived from embryos and anthers are all potential target tissue. The 
transformed tissue will be propagated in vitro and we will attempt to recover transformed 
plants from this tissue. 
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Delivery of DNA into Regenerable Tissues of Monocots Using 


High-Velocity Microprojectiles 


Inweduction 
We have developed a new method for the delivery of genetic material into plant cells 
” which eliminates the need for the enzymatic removal of cell walls and which permits the 

transformation of plant cells and tissue, in sim, Methods have been developed to adsorb 
genetic material to the surface of microscopic (as small as 0.5 um in diameter), high- 
density projectiles. Using one of several acceleration devices (hereafter refered to as 
particle guns) that we have designed and built, these microprojectiles can be accelerated to 
very high velocities, permiting them to penctrate the cuticle, wall, and membrane of plant 
cells. We have shown that microprojectiles can enter the cytoplasm of monocot cells in a 


nonlethal manner and can deliver genetic material to cells in an intact, biologically active 
form. 


The overall objective of the research described in this proposal is to demonstrate the 
general utiliry of the particle gun as a tool for delivering genetic material into intact plant 
cells. We will initially use onion and tobacco as model systems for specific reasons that 
will be explained in a following section of this proposal. Subsequent work will focus on 
the introduction of genes into regenerable tissue of important grain species (corn and rice), 
Leaf tissue, scutellar tissues, and embryogenic callus will be bombarded with 
mucroprojectiles coated with plasmid DNA containing genes coding for readily detectable or 
selectable markers, Bombarded tissue will then be assayed for the detectable marker or 
placed ona suitable medium that will promote the growth of callus or the regeneration of 
planuets from cells that have been transformed with the selectable marker. 


Rationale and Significance 
There are two basic requirements which must be met before a crop can be 
genetically engineered to incorporate a trait that has potential agronomic significance. 
Firstly, techniques must be available for the efficient delivery of foreign DNA into 
recipient cells. Secondly, it must be possible to regenerate whole plants from the 
transformed cells. The following brief review focuses on the progress which has been 
made towards transforming and regenerating cells af monocotyledons. 


Transformation of monocots: 

Several techniques are available to successfully transfer genes into protoplasts of 
monocot species. Using techniques similar to those applied to tobacco protoplasts, Lorz 
and coworkers (1985) suspended protoplasts of Triricum monococcum ina solution of 
plasmid DNA. Because this plasmid harbored a gene that inactivates kanamycin, cells 
which integrated the foreign DNA could grow in the presence the anubiotic, Out of 
18 x 108 protoplasts plated on kanamycin containing media, only 10 resistant colonies 
could be recovered. Similar results were obtained by Potrykus et al (1985a) after 


coincubating protoplasts of Lolium multiflorwn with plasmid that contained a selectable 
kanamycin resistance gene. 
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Electncal impulses can be usec to permeudilize Membranes and permit more 
efficient introduction of genetic information into plant protoplasts. This process, termed 
electroporation, has been used to transttr genes inte protoplasts of Zea mays (Fromm et. 
al., 1985). Although these workers were unable ro estimate transformation efficiencies, 
detectable levels of chloramphenicol acetyltransferase (CAT) activity were found in extracts 
of 3 x106 protoplasts. Recently, in the laboratory of one of the P. L's, the transfer of 
CAT gene into protoplasts of rice, wheat, and sorghum has been achieved by 
electroporation (Ou-Lee and Wu, unpublished resul:s). Other techniques that offer some 
potential for delivering genetic material into cells of Graminaceous species are 
microinjection (Steinbiss and Stabel, 1983) and liposome uptake (Fraley, etal., 1982). 


The limitation of all of the above techniques is that they are restricted to suspensions 
of protoplasts. None of the methods described thus far appear to be of great value for the 
genetic engineering of cereal crops. Although genes can be transferred to Grarninaceous 
protoplasts using various delivery systems, these techniques are severly hampered by the 
difficulties of regenerating whole plants from protoplasts of such species (Vasil, 19832; 
Potrrykus etal., 1985b). 


Agrobacteriwn has the ability to transfer plasmid DNA into intact, potendally 
regenerable plant cells. Techniques have been perfected so that this system represents an 
established, routine procedure for a few species such as tobacco and tomato (Barton and 
Chilton, 1983). Agrobacterial-mediated transformations are generally considered to be 
limited to dicots, except for several specific monocotyledonous species. For example, T- 
DNA transfer to Asparagus, Chlorophyrum, and Narcissus has been re 
(Hernalsteens, etal., 1984; Hooykaas-Van Slogteren etal., 1984). Inoculation of these 
species resulted in tumorous proliferations in Asparagus and small swellings in 
Chlorophynun, and Narcissus. In these reports, attempts were not made to regenerate 
whole plants from the transformed cells. As of this writing, there have been no repons of 
gene transfer from Agrobacteriwn to plants of the Grarninaé family. It is likely that the 
utilization of Agrobacteriwm as a vector for the ransfer of genes to important monocots of 
the Graminae family will be impractical or impossible because of the restricted host range 
of the bacteria. 


Tissue culture of Graminae: 

In contrast to the extreme recalcisrance of protoplasts of Graminaceous species to 
regeneration, mature plants can readily be regenerated from embryogenic callus derived 
from various explants (Vasil, 1982b; Tomes, 1985). Embryogenic callus proliferates 
from epidermal and sub-epidermal cells of the scutellum of immature embryos of Zea mays 
(Vasiletal., 1985). After about 1 to 2 weeks, the embryos that have formed on the 
surface of this callus can be transferred to media that promotes the proliferation of 
embryogenic callus or to media that promotes regeneration (Green and Phillips, 1975; 

Lu, etal., 1982; Lowe etal,1985). Recently, Duncan and coworkers (1985) found thar 
many economically important genotypes of corn readily form embryogenic callus. 
Typically 50% of the immature embryos produce embryogenic callus when plated on the 
appropriate media. In some genotypes, most notably H99 and PAQI, virtually all of the 
embryos proliferate into embryogenic callus when transferred to fresh media (Duncan, 
personel communication). Rice can also be regenerated from embryogenic callus derived 
from leaf tissue (Wernicke, 1981; Yan and Zhao, 1982), leaf sheath tissue (Bhattacharya 
and Sen, 1980) immature embryos, mature seed (Heyser etal., 1983), and anthers 
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(Genovesi and Magill, 1942; Chaleif, 1983; Schaeffer ctal.. 1984), Techniques which 
would permit the celivery of genetic maternal directly into cells of embryogenic callus (or 
cells thar give nse ic embryogenic callus’ v oud be of great vilue. Such a technique would 
greatly facilitate the recovery of whole plants from transformed cells. 


This brief review indicates that although genes can be transtered to protoplasts of 
important cereal crop plants, wemendous obstacles remain for the regeneration of whole 
plants from these protoplasts. lt would be of great advantage if genes can be transfered to 
intact cells directly, thus by-passing the difficulties of regenerating plants from protoplasts. 
The intact cells or tissues that are potentially regenerable do not appear to be amenable to 


_ the gene delivery systems that are currently available. However, since the particle gun 


method can be used to deliver DNA to cells and tissues in sim, it should be possible to 
introduce foreign genes into cells that can be regenerated into callus and whole plants. 


Introducing projectiles ino cells with the particle gun: 


Several mechanisms for the acceleration of small, dense particles (or 
microprojectiles) have becn developed by one of the P. 1.'s ohn Sanford) in coordination 
with Dr, Edward Wolf, the director of The National Submicron Resource Facility ar 
Cormell. The four methods diagrammed in Figure | have been used to accelerate 
microprojectiles to velocitics that permit their penetration of the cuticle, wall, and plasma 
membrane of plant cells. All the designs are somewhat effective, but the mechanism 
illustrated in Figure 1¢ and shown in greater detail in Figure 2 most effectively accelerates 
microprojectiles to velocitics necessary for their penetration and entry into plant cells. This 
device is capable of accelerating tungsten microspheres to initial velocities of abour 1400 to 
3400 ft per second,depending on the strength of the gun powder charge used. About 0.5 
mg of tungsten particles (available in average diameters of 0.6 to 4 um) is placed on the 
front surface of a cylindrical nylon projectile (5 mm diameter, 8 mm length) as a dry 
powder or in suspension in 2 to 3 ul of water. A gun powder charge, detonated with a 
firing pin, 1s used to accelerate the nylon projectile down the barrel of the device. The 
vents in the barrel provide an outlet for the air in front of the nylon projectile and the hot 
gases from the gun powder charge that are behind the nylon projectile. The tungsten 
particles continue toward the target cells through a } mm aperture in a steel plate designed 
to stop the nylon projectile. Target cells are placed about 10 cm from the end of the device. 

We are currently designing and constructing an improved version of thé particle 
gun. The plans for this device are given in Figure 3. The major design change is the 
incorporation of a sterile vacuum chamber into which the microprojectiles are accelerated, 
Operation in a partial vacuum (i.¢., 0.3 atmosphere) will allow the microprojectiles to 
maintain their velocity over a longer distance since their deceleration is primarily caused by 
air resistance. Other features of the improved particle gun will make the device easier to 
use and maintain asceptically. Several barrels will be available for the chamber so that one 
barrel can be cleaned and sterilized while another is used to bombard a sample. Another 
feature included in the desiyn is a remote controlled mechanical arm that can open and close 
the lid of a peti dish after the chamber is closed and the partial vacuum applied. 
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We imnally chose Adiuen cepa (Oui) as a model monocot plant species because 
of its large, chloroplasi-frze epidermal cells which ars easily sinpped away from bulb 
scales as a single layer of cvils. The effic:ency with which projecoles penetrate and enter 
epidermal cells of this species can be readily assessed by optical sectioning. Figure 4 
shows the surface of an epidermal cell from an 4. cena bulb scale following bombardment 
with tungsten projecdles 4um in diameter. Several projectiles can be seen on the surface of 
this cell. By focusing into the sarne cell to a depth of approximately 20 to 40 um, it can be 
seen that a tungsten projectile had penetrated the cuticle, wall, and membrane of the cell 
and entered the interior of that cell (Figure 5). Many cells can be bombarded 
simultaneously (Figure 7) and about 90 per cent of the cells ina 1 cm? area of A. cepa 
epidermal tissue (about 2000 cells) typically contain projectiles following bombardment 

’ Projectiles can also be observed in sub-epidermal tissue following bombardment. 
Microprojectile velocities currently attainable with the particle gun permit limited penetration 
into onion tissue to a depth of 120 um, or 4 cell layers. Thus, sufficient momentum is 
produced to allow a single microprojecule t pierce 7 cell wall and membrane layers. 


Once in the cell, most (50 to 75%) of the projectiles can be observed to move in 
conjunction with the cytoplasmic seam. Cells can survive penewation by multiple 
projectiles. Apparently the lesions formed by the microprojectiles in the cell membrane are 
small and seal rapidly. Figure 6 shows a living epidermal cell with 9 tungsten particles in 
its interior. Up to 29 projectiles have been observed within a single living cell. However, 
viability of the cells (as determined by the maintenance of cytoplasmic Streaming for an 
extended period of time following bombardment) is adversely affected by penetration by a 
large number of projectiles. Cell survival is 95% or greater among cells containing less 
than 11 projectiles while many of the cells that contain larger numbers of projectiles do not 
survive (Figure 12). By conwolling the quantity of tungsten particles which land on the 
surface of the cells, the number of projectiles penetrating the tissue can be controlled such 
that high rates of viability can routinely be maintained. Except for the presence of the 
tungsten particles, bombarded cells do not visually differ from untreated cells and remain 
viable for as long as untreated cells when observed for up to 2 weeks (the length of time the 
tissue was maintained). 


We have done extensive work with A. cepa epidermal tissue and are now very 
familiar with the experimental conditions fi.¢., the quantity of microprojectiles accelerated 
into tissue, the distance of the tissue from the end of the particle gun, and the sizes of 
projectiles that can be used effectively) that lead to optimal penciration and cell survival. 
We have recently initiated experiments to determine if smaller cells can survive penetration 
by microprojectiles. Work with cotyledon tissue of rice and wheat indicates that 
microprojectiles with an average diameter of 1.2 jum can pierce these cells and enter them in 
anonlethal manner. Initial studies indicate that the penetrating capabilities of the 
microprojectiles can be enhanced if tissues are bombarded in a partial vacuum, We have 
found that all of the plant Ussue that we have studied can survive a partial vacuum of 
approximately 0.3 atmosphere, as long as they ure covered with a thin film of water to 
prevent their desiccation. Figures 8 and 9 show living rice and wheat cells that have been 
penetrated by relatively srnall microprojectiles. In addition, we have found that tobacco 
epidermal cells can tolerate penetration by microprojectiles (not shown). These results 
clearly indicate that delivery of foreign substances into living plant cells by this method 
should be applicable to numerous species and will not be limited to A, cepa cells. 
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We have recently tone expenments yo cetermine if the particle gun can be used 
under asceptic conditions. Since itis consmucted of Stainless steel, the barrel and StOpping 
plate of the particle gun can be flamed witn wdiunol The nylon macroprojectile is sterilized 
in 70% ethanol and the tungsten microproyectiles can be autoclaved. AL! solutions that are 
placed on the front suiface of the nylon macroprojectile are sterilized prior to use. Thus, 
firing tungsten projectiles into agar-soliditied tissue culture media containing sucrose (2%) 
did not lead to visible microbial growth atter at least 7 days. [tis therefore clear that we can 
utilize the particle gun under asceptic conditions for tissue culmure applications. 


Introducing RNA and DNA into intact cells with the particle yun: 
Effective methods for precipitating genetic material on the surface of the Tungsten 

" spheres have been developed. Precipitation with calcium and spermidine permits efficient 
adsorption and concenwation of DNA to the spheres. By electrophoretic analysis, we 
estimate that one 4 wm sphere can hold approximately 10-2 pg of DNA on its surface, 
equivalent to 1000 molecules of a ten-kb plasmids per sphere. The DNA on the surface of 
the sphere can readily be visualized microscopically by staining with DAPI Figure 10), a 
fluorescent dye specific for nucleic acids (Coleman and Goff, 1985). The DAPI-DNA 
labeled rungsten particles are observed to fluoresce in onion epidermal cells following 
bombardment. Once in the cell, the microprojectiles fluoresce for only a shart time, 
Suggesting that material diffuses from the surface of the microprojectiles. The nucleus of 
many of these cells begin to fluoresce after about 5 to 10 minutes, indicating that the 
DAPI, and therefore probably the DNA from the spheres, became associated with the 
nucleus. These results demonstrate that considerable amounts of DNA can be introduced 
into large numbers of intact cells simultaneously with particle gun technologies. 

We have conducted experiments to determine if nucleic acids can be delivered to 
plant cells in a biologically active form. RNA was isoluted (Zaitlin, 1979) from tobacco 
mosaic virus (TMV) strain U, and adsorbed to the surface of 4 um tungsten projectiles. To 
accomplish the adsorption, 2 ul of a TMV-RNA solution (2 ug of RNA per microliter of 
distilled water) was added to 18 wl of a suspension of tungsten projectiles (0.01 ¢ of 
tungsten per millileter of distilled water). The RNA was precipitated by the addition of 7.5 
wl of a0.25M calcium chloride solution and the resulting suspension was centrifuged for 
30 min at 13,000 g. TMV-RNA coated projectiles were used to bombard A. cepa 
epidermal tissue with the panicle gun. Following bombardment. the tissue was incubated 
for 48h at 21C. Expression of the viral RNA was monitored by microscopic examination 
of the bombarded cells for the presence of viral inclusion bodies (Figure 11) which are 
crystallized virus particles that often take the form of hexagonal plates or clusters of such 
plates (Christie and Edwurdson, 1977). About 30 to 40% of the cells containing projectiles 
(or nearly 30% of the total number of cells) in a | cm? arva of tissue contained inclusion 
bodies (refer to Table J of the enclosed pre-printi. These distinctive crystalline inclusions 
have never been observed in the thousands of cells we have examined in unbombarded 
tissue or in tissue bombarded with naked projectiles. As an additional control, TMV-RNA 
was precipitated with CaCl, as described above, except the tungsten particles were not 
included in the preparation. The resulting suspension was spread with 2 glass rod over a 
1 crn? area of A. cepa epidermal tissue either before or after bombardment with naked 
spheres. Inclusion bodies were not observed in these samples indicating that the RNA did 
not simply enter the cells through openings formed by the passege of the spheres through 
the cell wall. In addition, inclusion bodies were not observed in A. cepa epidermal cells 
after TMV-RNA coated projectiles (30 ul of a preparation produced as described ubove) 
were spread over a lem area of tissue with a glass rod. These results clearly show that 
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che particle gun can deliver mucletc acids mm a biologscally active form to a large number of 
cells simultaneously. The efficiency of delivery observed here is comparable to that found 
for TMV-RNA delivery to protoplasts by liposome uptake (Fraley et al., 1982; Fukunaga 
etal. 1981) orelectrofusion (Nishiguchi et al., 1986). 


We have most recently demonscrated that the particle gun can be used to deliver 

DNA to plant cells and that the DNA is subsequently expressed. Using methods similar to 
those described above, we have coated tungsten microproyectiles with plasmid (pS35- 
CAT) containing a gene that codes for the synthesis of chloramphenicol acetylrransferase 
(CAT). The gene is under the control of a strong promoter derived from cauliflower 
mosaic virus, the 35S promoter (Olszewski et al., 1982). The DNA-coated projectiles 

" were used to bombard 13 sections of A. cepa epidermal tissue, each having an area of 
about 1 cm? (there are approximately 2000 cells per square cm of tissue). As controls, 13 
sections of A. cepa epidermal tissue were left unbombarded or were bombarded with either 
naked tungsten microprojectiles or tungsten microprojectiles coated with pUIC13 nor 
containing the CAT gene. The tissue was then incubated for 3 days. CAT activity was 
assayed in extracts of the tissues by adding !“C-chloramphenicol and acetyl CoA and 
incubating the reaction mixture for 30 min. Products were separated by thin layer 
chromatography and detected with autoradiography (Gorman etal, 1982). Figure 13 
shows the developed autoradiogram. Tissues bombarded with the CAT gene clearly 
expressed CAT activity, while controls had negligible activity. This experiment has been 
performed twice with similar results. These findings indicate that the pa ticle gun not only 
can be used to deliver genetic material to monocotyledonous plant cells, aut that the foreign 
gene is expressed in the synthesis of a biologically active foreign protein. We have 
therefore demonstrated that the particle gun can be used to transform monocot cells in sir, 
as they occur within intact tissues. 


Experimental Plan for this Proposal 

We are greatly encouraged by these proof-of-concept experiments and are 
convinced that this approwch can eventually be used to transform nearly all cell types and 
potentially many tissue types. However, we realize that a great dea! of developmental 
research is sull required. We first plan tu complete the A. cepa work by monitoring the 
efficiency of transformation of cells with DNA introduced by the particle gun and 
determining the factors that can influence these efficiencies. After completing the A. cepa 
research, we plan to extend our findings to Nicotiana, Although Nicotiana is not a 
monocot, it will be used as a model system for demonstrating the utility of the particle gun 
for the production of stably wansformed eullus and whole planes. Nicotiana tabacum is 
chosen because of the ease of culturing and regenerating this species using standard 
protocois. 


After the basic aspects of particle gun-mediated transformations have been studied 
with onion and tobacco, we will apply the concept of gene delivery with the particle gun to 
two important grain crops (corn und rice). Our techniques will be optimized for 
bombardment of tissues and cells chosen for their potential for regeneration to whole 
plants. Eventually, further refinements will be made with the hope of developing a 
system applicable for the transformation of other grain species. When this technology is 
fully mature, it is our hope that it will be the system of choice for ransforming most plant 
species. 
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Plasmids: 

DRSV-CAT: The plasiud with an easily idenutiuble gene product used for our 
prelimunary studies is one that carries the CAT gene (Morelli etal, 1985). This plasmid 
incluces the following componenets: (a) 294] bp region including the 35S promoter 
from cauliflower mosaic virus (Guilley etal., 1982), (b) 4 900 bp long region coding for 
the chloramphenicol ucetyltranaferase (CAT) acnvity (Alton and Vapnek, 1979), (c) a 700 
bp region carrying the rbcS 3’ noncoding sequences and the transcription termination 
region, and (d) a derivative of the pUC13 plasmid in which the Hincll site was changed 
toa Clal, and the plasmid was linearized by dipestion with EcoRI and Clal, The 
composite plasmid (5280 bp), designated p35S-CAT, was constructed and kindly 

_ provided to us by Dr. G. Morelli (Morelli ec al, 1985). Using electroporation with 
protoplasts, one of the P. I.'s (R. W.) has already demonstrated that this plasmid 
integrates into the genome of at least two Species of Graminae (rice and wheat) and is 
expressed. 


pLGV_neo:A plasmid with a kanamycin resistance selectable marker, pI.GV23 neo 
(De Block etal., 1984) was kindly provided by Dr. M. van Montagu. This chimeric 
plasmid contains the promoter of the nos gene and the coding sequence of neomycin 
phosphowansferase II (nzo) from TnS. Various plamids with similar selectable markers 
which are used for plant transformation are also available to us. 


Ceantinuaton of A. cena work: 


We will continue to use A. cepa as one of our model systems, because we have 
successfully demonstrated transformation and because we can reproducibley obtain high 
rates of penetration and viability after bombardment. We plan to study cellular 
transformation efficiencies by using labeled antibodies to the CAT protein using 
modifications of the methods that are routinely performed in animal transformation systems 
(Gorman et al., 1982). By this method we can precisely and rapidly determine the 
percentage of cells that have been transformed, This ability will greatly help us to study 
those factors affecting wansformation sffeciency. Epidermal cells will be bombarded with 
tungsten microprojectiles coated with plasmid containing the CAT gene as described in the 
Progress section of this proposal. After incubating the tissue for 3 days, the tissue will be 
fixed and thin sections prepared (Coleman and Pratt, 1974; Baumgartner etal., 1981). 
The thin sections will then be treated with antibodies against the CAT protein. After 
washing, the antibody will be visualized with either FITC-labeled IpG or with the 
biotinylated peroxidase system, and counts of transformed cells will be made. Dr. C. 
Gorman has kindly supplied us with the CAT antibody which she hus been using in her 
studies of animal cell transformation (Gorman eral., 1982). 


Alternatively, an autoradiographic method will be used to determine the number of 
cells that are transformed in a given area of A. cepa epidermal tissue. Three days after 
bombardment with the appropriate plasmid, '4C labeled chloramphenicol will be added to 
the tissue. After about 2 hours, the tissue will be incubated with a 100-fold excess of 
unlabeled chloramphenicol for 3 to 10 minutes und washed extensively to remove residual 
radiolabeled substrate. It should be possible to wash out the unused substrate from the 
cells since itis an uncharged molecule. The products of chloramphenicol aceryltransferase 
(l-acetyl chloramphenicol, 3-acetyl chloramphenicol, and {.3-diacety! chloramphenicol) 
would be difficult to wash out from the cells since they are charged molecules. After 
washing, the epidermal layers will be dried and autoradiographs should reveal those cells 


-MGA0080492 


Case 1:04-cv-00305-SLR Document 257-4 _ Filed 01/30/2006 Page 15 of 60 


~ MGA0080493 


Case 1:04-cv-00305-SLR Document 257-4 Filed 01/30/2006 Page 16 of 60 


containing the protein preducts of the CAT gene These techniques should yield data on 
the acrual number of transformed cells and will help us to accurately determine the 
efficiency of parucle gun-mediated transtormauons under vanous experimental conditions. 


There are numerous factors which may affect the efficiency of transformation in A. 
cepa. Forexample, bombarding the same piece of tissue several times may greatly 
enhance the degree to which the CAT gene is expressed in the tissue. To test this, we will 
bombard 1 cmé¢ sections of A. cepa epidermal tissue either 1, 2, 3, or 4 times with 
microprojectiles coated with p35S-CAT. The relative effects of these reatments on specific 
activity will be determined by performing the CAT enzyme assay on the bombarded tissue. 
Differences in the actual numbers of cells that are transformed will be determined using 
either the immunochemical or radiochernical technique described above. Changes in the 
techniques used to adsorb DNA to the tungsten microprojectiles may influence the quality 
and extent of binding, which may in curn affect the levels of CAT enzyme that are 
produced in the bornbarded tissue. As was outlined in the Progress section of this 
proposal, we routinely use 2.5M CaCl, and 0.1 spermidine to bind DNA to the 
microprojectiles. Under the conditions that we employ, these concentrations give 
relatively good binding as revealed by microscopic nbservation following DAPI staining. 
Optimizing the quantity of DNA that is bound to the microprojectiles may not necessarily 
lead to optimal transformation efficiencies since other faciors such as de-adsorption and 
resolubilization in the cellular environment may be highly significant. We therefore plan to 
determine the influence of various parameters used to bind DNA to the microprojectiles on 
transformation efficiencies. The concentrations of CaCl,, spermidine, and DNA (p35S- 
CAT) will be varied in the binding procedure and the resulting DNA-coated 
microprojecules will be used to bombard a specified area of epidermal tissue. In addition, 
the length of time that the suspension of microprojectiles and precipitated DNA are 
cenwifuged together can be varied to study the influence of this parameter on transformation 
efficiency. Following incubation, the relative differences in transformation efficiencies 
between treauments wil] be determined by the radiochemical CAT assay. Differences in the 


actual number of cells transformed wi!l be determined with either immunochemical or 
autoradiographic techniques. 


Transformation of Miewiang : 

Tobacco will serve as a model system to expand upon our findings with A. ¢ epe. 
Thin sections consisting of epidermis and 2 to 4 luyers of accompanying sub-epidermal 
tissue can easily be removed from leaf tissue. We have found that this lissue is suitable for 
optical secrioning with the light microscope und viability can readily be determined by the 
maintenanace of cytoplasmic streaming. In our preliminary experiments, penetration and 
cell survival have been observed in this sy stem. 


Conditions will be varied so that optimal cellular penetration by the microprojectiles 
and cell viability following bombardment are reproducibley obtained. Using 
microprojectiles 1.2 or 2.4 ym in diameter and leaf tissue of a known age and 
developmental stage, we will determine the optimal distance for the placement of the tissue 
from the end of the purticle gun. This distance will be varied frorn 5 to 15 cm in the air and 
under a pardal vacuum (0.3 atmosphere). Afier the ideal distance is determined for each 
size of microprojectile, the optimal quantity of microprojectiles accelerated at the tissue will 
de established. Between 0.05 and 0.5 mg of tungsten particles will be loaded into the 
device. Vanous strengih gun powder charges and degrees of vacuum will also be tested to 
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Optimize microprojecule velocines and the <iric:ency of penetration by the microprojectiles. 
Following bombardment. penewation by the microprojectiles and the viability of the cells 
Will be determined microscopically. 


After the above parameters have been established, we will determine if the panicle 
gun can de used to transform Niconana. Specific plasmids will be coated to the surface of 
tungsten microprojecules having a specific average diameters of between 1.2 um and 2.4 
um, using methods that we have already established. To accomplish the adsorption, 20 pl 
of a DNA solution (0.25 ug of DNA per wl of TE buffer) is added to 20 pl of a suspension 
of tungsten projectiles (10 mg of tungsten per millileter of distilled water). The DNA is 
precipitated by the addition of 100 ul of a calcium chloride solution (2.5M) and 40 ul of a 


~ spermidine solution (0.!f). The resulting suspension is centrifuged in an Eppendorf tube 


for 60 min at 13,000 g at 4C. The presence of DNA on the surface of the tungsten 
particles can be confirmed with DAPI staining, Before using the particle gun to bombard 
plant tissue with the tungsten microprojectiles, the nylon macroprojectile, gun, and 
vacuurn chamber can be thoroughly sterilized with 70% ethanol. The particle gun assembly 
can be kept within a sterile hood with laminar air flow to help maintain asceptic conditions. 
Between firings, the gun will be cleaned with ethanol. 


We will accelerate tungsten microprojectiles coated with the plasmid p35S-CAT into 
leaf issue. Both young leaf tissue, in sine, as it occurs on the plant and excised leaf discs 
will be bombarded. The leaf discs will be maintained in a humidifier after bombardment 
while the intact leaf tissue will simply be left on the plant. The presence of the CAT 
enzyme will be determined using the radiochernical enzyme assay used successfully with 
A.cepa epidermal tissue. 


To determine if transformed tissue can be regenerated from material reated with the 
particle gun, leaf discs will be bombarded with microprojectiles coated with a plasmid 
(pLGV23 neo) which contains the selectable kanamycin resistance gene. The particle gun, 
associated solutions, and plant tissue will be sterilized prior to use. If it is Found that 
surface sterilizing the leaf kills many epidermal cells. then the leaf will be surface sterilized 
and a thin epidermal layer with several aecompunying Sub-epidermal layers will be excised, 
The sub-epidermal cells will then be targets for the microprojectiles. Selection and 
regensration protocols will then be followed. A very reliable system has been deseribed by 
Horsch and coworkers (1985) for regeneration of tobacco from cells of Jeaf dises that have 
been tanstormed with Apgrobucierium, and this system is used routinely in the laboratory 
of one of us (J. S.). Following treatment with the microprojectiles, the leaf disc will be 
transfered to semi-solid media that induces growth und shoot regeneration. After 2 to 3 
days the tissue will be transferred to the same media but supplemented with kanamycin at a 
concentration of about 300 pe per ml. Shoots that develop from the callus in 2 to 4 weeks 
will be transferred to root inducing medium containing kanamycin. After roots appear the 
plandets can be transplanted to soil. Nicotiana tabacum will also be used as a model 
system for the transformation of callus cells that are potentially regenerable. Callus can be 
initiated using standard techniques (Gumborg er al., 1979; Wermicke and Thomas, 1980), 
The degree to which microprojectiles penetrate these cells will be determined by fixing thin 
sections (about 2 to 3 cell layers thick) and viewing them under the light microscope, 
Following bombardment with the kanamycin resistance gene, the tissue can be transferred 
to selective shoot inducing medium and then to medium promoting root formation. 
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Transformation will be confirmed by nopaline assays and Southern hybridizations. 
The nopaline assays, dot Slots, and Southern hy bridizations have been extensively used in 
the laboratory of one of us (R. W.). 


Transformation of Zea mays ysing ihe parucls gun: 

Existing callus proliferation and plant regeneration systems for maize make this 
species very well suited for experiments with the particle gun. Callus can readily be 
produced from scutellar tissue of immature embryos of Zea mays. Under the appropriate 
culture conditions, the callus of some genotypes is highly embryogenic and can be 
maintained for long periods of ime (Duncan etal, 1985: Hibberd, 1984). Using 
favorable media and genotypes, up to 50% of the immature embryos plated can produce 
regenerable callus (Duncan et al., 1985). For some genotypes (i.¢., H99 and PAQ1), 
100% of the embryos give rise to embryogenic callus when plated on the appropriate 
medium, and the resulting callus is so embryogenic that the entire surface of the callus 
becornes covered with embryoids (D.R. Duncan, personal communications). Most 
encouraging is the fact that recent studies of the somatic embryogenesis of maize 
demonstrate that scutellar epidermal cells cells, callus surface cells, and cells just below 
the surface develop into embryoids (Vasil ctal.. 1985). These cells are relatively large (20 
to 40 ymin diameter) and should be amenable to penetration by the microprojectiles. Thus 
the cells that give rise to embryos are highly accessible for penetration by microprojectiles 
accelerated with the parucle gun. Dr. Duncan has agreed to supply us with stable 
embryogenic cultures of 1199 and PAQL. 


With the particle gun, we plan to introduce genes that code for easily assayable or 
selectable markers into embryogenic or potentially embryogenic com tissue. We will 
bombard the following tissues: |) scutellar ussue of immature embryos, 2) pre- 
embryogenic callus derived from immature embryos, and 3) embryogenie callus which has 
formed embryoids. [mmeture embryos can be asceptically removed from immature 
caryopses using standard techniques (Green and Philips, 1975; King and Shimamoto, 
1984). The immature embryo will then be placed on a glass slide with the embryonic axis 
facing downwards. The ussue will be positioned so that regions known to give rise to 
callus (i. e., the colcorhizal end of the scutellum) will be subjected to bombardment by the 
incorning microprojectilus. To prevent desiccution of the cells under reduced atmospheric 
pressure (about 0.3 ztmosphere) the embryo will be covered with a thin layerof water, 
The embryo can then o< placed in che vacuum chamber and the panicle gun aimed so that 
the ‘spray’ of parucles exiting the gun will impact on the scutellum. As stated previously, 
the optimal size and quantity of microprojectiles used and the optimal distance of the tissue 


from the end of the gun will be determined in preliminary experiments for each type of 
issue. 


Experimenc will first involve the incoduction of plasmids conraining the 
chloramphenicol acetyluunsterase (CAT) gene into cells of the scutellum using techniques 
simular to those found successful for A. cepa epidermal cells. Following bombardment 
with the microprojectiles, the embryos will be incubated for 2 to 3 days to permit : 
production of the CAT enzyme. The presence of CAT activity can be determined in tissue 
extracts using standard techniques. Embryos (5 to 20) can be pooled to perform one 
enzyme essay, Experiments to introduce a selectable marker into cells of the scutellum will 
also be performed. Following bombardment as described above but with plasmid pGLV23 
neo, the tissue will be trunsferred to callus proliferation media which docs not contain 
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kanamycin (for example. ma:mtenance medium D of Duncan etal.. 1985), About 2 days 
will de allowed for the production of the kanamycin phoshotransferase enzyme in the 
dombarced tissue. The embryo will then be transferred to maintenance media containing 
kanamycin, Preliminary experiments will be performed to determine the minimum 
concenzation of kanamycin that inhibits callus growth by plating immature embryos on 
maintenance medium containing either 0, 50, 100, 20), or 500 pg of kanamycin per ml 
of media. Sufficient quantities of callus will be produced to perform nopaline assays and 
dot blots to confirm the presence of the introduced gene in the kanamycin resistant plant 
material. 


Transformed callus can be transferred from maintenance media to media that 
"promotes the generation of callus capable of embryogenesis. Callus capable of 
embryogenesis can be visually selected and then transferred again to regeneration media, 
Embryos that develop from the callus can then be transferred to MS medium (Murashige 
and Skoog, 1962) lacking growth regulators. 


Another. promising target tissue that we will bombard is young callus that has not 
yet differentiated into embryogenic callus. Immature embryos will be plated on callus 
maintenance medium and allowed to grow for penods ranging from 5 to 14 days. The 
callus that forms will then be transferred to a sterile peri dish, covered with a thin layer of 
water, and bombarded under reduced atrnospheric conditions with 1.2 um projectiles 
coated with either the CAT plasmid or plasmid containing the kanamycin resistance gene, 
In the case of bombardment with the CAT plasmid, the callus can be transferred back to the 
maintenance medium for 2 to 7 days. The presence of the CAT enzyme can then be 
determined as previously described, For callus bombarded with the kanamycin resistance 
gene, the Ussue can be transferred to maintenance medium including a pre-determined 
concentration of kanamycin. The callus will be allowed to proliferate and embryogenic 
portions of the callus will be transferred to fresh medium supplemented with kanamycin. 
Any resulting plantlets will then be transferred to regeneration medium. 


Callus tissue which has already ditferentiated into embryogenic callus will be 
bombarded with plusinid containing the kanamycin resistance pene. The bombarded tissue 
will be allowed to proliterite for several days on medium lacking kanamycin. Fach piece 
of embryogenic callus that is bombarded will have hundreds of embryoids on its surface, 
euch capable of giving nse to embryogenic callus or plantlews when subcultured on the 
appropniate medium. Jn some experiments, the entire callus will be transferred to medium 
containing kanamycin. After 2 weeks, the callus will be transferred to callus maintenance 
medium containing kanamycin and subsequently to media that promotes regeneration. 


Suspension cultures of maize can be produced from embryogemic callus (Green, 
1982) and such cells give rise to embryogenic callus when pluted on solid medium. These 
suspension cells can also be bombarded with projectiles couted with plasmid harboring the 
kanamycin resistance gene, A Suspension culture will be spun down and about [06 cells 
added per milliliter of cooled alginate, The alginaie-cell mixture will be spread on a glass 
slide and allowed to harden. These immobilized cclls should then be suitable for 
bombardment. The bomburded cells will then be trunsferred to kanamycin containin g 
medium after several days uf incubation on kanamycin free medium. Presumably only 
those cells that are expressing the introduced gene will be capable of growth and 
embryogenesis in the medium supplemented with kanamycin. 
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In addition to the above-stated nSsues, we would evenmually like to bomburd com 
meristemanc ussues. Dr. D. B. Walden and associates have done extensive studies on 
com Moral meristems (Cheng etal., 1983). They have developed highly effective means 
for culturing primordial floral meristems into mature flowers and gametophytes. Effective 
means have been devetoped by these researchers to use the in vitro generated 
gametophytes for in vitro fertilization to produce viable seed (Ramen etal, 1980). 
Primordial floral meristems constitute large targets (0.5 to | em in diameter) whose 
surmaces are covered with large numbers of spikelet primordia. Bombardment of such 
tissues with pLGWneo would be followed by culture into mature flowers in the presence of 
kanamycin. Resulting gametophytes can then be used for in vitro fertilization. Because 
the gametophytes will have developed in the presence of kanamycin, the only viable 
gametophytes should be kanamycin resistant, deriving from transformed sectors of the 
meristem. Resulting wansformed progeny should therefore be non-chimeric, and 


seedlings will be readily screened for kanamycin resistance. This work will be done jn 
collaboration with Dr, Walden. 


Transformation of Orszee sativa with the purtcle pun: 


The basic research methods we have outlined for com are clearly applicable to other 
monocot systems where rcgeneration from tissue is possible. We plan to extend our 
Studies to rice, as time permits. 





Embryogenic callus will be induced from anthers (Genovesi and Magill, 1982), 
immature embryos, and mature seed (Heyseretal., 1983). The callus will be bombarded 
with plasmids harboring the selective kanamycin resistance marker either before or just 
after embryoids begin to form. [n addition, we will attempt to bombard the immature 
embryo (primarily the scutellum) to inwoduce genes into these cells before they divide. 
Preliminary experiments will be performed to optimize microprojectile penetration in a 
manner described for the other systems discussed in this proposal. Space does not permit 


US 10 reiterate as Cetwiied in outline for rice, but the approach will obviously be similar as 
for carn. 


Electron and Light Mirrewenpy for the Study of Microprojectiles in Cells: 

Some of our experiments will involve bombarding tissue with Microprojectiles 
(<0.6 jm) that are difficult to visualize within a cell with the light microscope. We will 
employ electron microscopy to detect these very smull particles within cells. The electron 
microscope will also be used for tissues that ure not suitable for optical sectioning with the 
light microsope. In addition, we are very interested in the nature of the cull lesion 
associated with penetration. Using freeze fracturing and conventional electron microscopic 
techniques, the lesions on the cell surface produced by the microprojectiies will be 
investigated. The interaction of the microprojectiles with the cyioplasm will also be studied 
at the light and electron microscopy levels. The movement of the microprojectiles in 
relation to the nucleus, cytoplasm, and organelles will be studied. This work will be done 
in colaboration with Dr. M. Parthasarathy of Cornell, 
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Personnel 


This granc is uncended to support a post~doc, a technician, and a 
pare-time lab aide. 


The post-doc, Dr. Ted Klein, has been working on the particle gun 
concept for two years in Dr. Sanford's lab, under a special grant from che 
Cornell Blorechnology Insctituce. Ke has pioneered this new Field of 
biological research and is uniquely qualified to continue this project (see 
enclosed C.V. and preprinc). A part-time lab aide will be essential, to 
free Dr. Klein From some of the most rourine and tedious aspeeta of this 
work. Dr. Klein will focus his atcencian on che various aspects of the 
acceleracors, the celis, and their inceraction. Technical support tis 
required for the molecular biology and cissue culture aspects of this work. 
A full-time technical line will be shared between Dr. Wu's Lab and Dr. 
Sanford's lab. Plasmid preparations, CAT assays, and ONA hybridizacion 
will be conducted in Dr. Wu's lab. Routine tissue culture work will be’ 
done in Dr. Sanford's lab (i.e. tobacco), while che more demanding cissue 
culture work (1.e. with monocots) will be done in Dr. Wu's lab, 


Dr, Cao Jun, a new post-doctoral associate in Dr. Wu's lab received 
his Ph.D. under Or. M,C. Rush. He has substantial monocot tlasue culture 
expertise and has helped develop highly efficient methods for regenerating 
rice planclets from immature panicle tissues. He will be actively involved 
with this project and will provide invaluable tissue culture expertise, 


Facilities and Equipment: 


1. Dr. Sanford: My lab has already been heavily {nvolved {n particle gun 
research. I have more than 900 sq. Fr. of Pl lab space, divided intro four 
rooms. One room (208 sq. fe.) is encirely dedicaced to particle gun re- 
search, and houses four difference types of particle acceleration devices, 
an Olympus microscope system with UV and Nomarski optics, and various Lab 
equipment. (An advanced integrated particle gun system is under construc 
tion which will factlitace experimentation in a sterile chamber using 
partial vacuums.) A second lab (240 sq. ft.) is dedicated to tissue cul~ 
ture, and contains incubators, air shakers, an autoclave, a 4' blosafery 
hood, etc. A third lab (356 sq. Ft.) is set up as a general wee lab with 
work space for at least 4 people and {s used For DNA work. A fourth las 
(102 sq. ft.) is used as an equipment room, and contains centrofuges, 
ovens, freecere, refrigerators, and various electrophoresis equipment. In 
addition to these resources, the department has two additional laminar flow 
hoods and twe growch rooms which are available to me. TEM and SEM 
facdlicies are available act boch the Geneva and che Ithaca campus. 


For growing plants before and after transformation, I have over 1,300 - 
sqe ft. of greenhouse space, including a Pl greenhouse with high {ntenalty 


lights (ve have been very successful in growing and crossing corn in this 
house). 


2. Dr. Wut An advanced particle gun device will be supplied to Dr. Wu's 
lab, similar to the device being installed in Dr. Sanford's lab. This will 
allow simultaneous bombardment experiments to proceed in both laba. 
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Concluding Starement 
We wish to point out that within the laboratories of the P. L's, we are very familiar 
with all of the rechniques and methods required for carrying out the experiments described 
in this proposal. We also have orcan readily obtain all the materials (¢. g., plasmids, — 
plant materials) for carrying out the experiments. We are confident that we will be 
successful in carrying out the experiments a8 proposed, and that we will be able to extend 
. our findings in A. cepa to agriculturally important grain species. We believe that the 
contribution of this work will be far reaching. 
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The general facilities of the SEction of Biochemistry, Molecular and 
Cell 83Lology ac Cornell Universicy are available to Dr. Wu. They include 
an amino acid analyzer, a DNA synchesizer, electrophoresis and chromatog= 
Taphy apparatus, preparative and analytie ulcracentrifuges, seinctillacion 
counters, fermenters, a dark room, a cold room, cell culture rooms, ete. A 
P2 laboratory for recombinant DNA work is available (W202-204)., 


With respect to laboratory space, twelve scientists can be accom- 
modated in Dr. Wu's laboratory. He now has Five postdoccoral fellows, two 


technicians and four graduate scudents working in his Laboratory. 


Permanent equipmenc in his laboratory includes a Beckman scintillacion 
counter, a Sorvall RC2B centrifuge, two ahared Beckman L753 
ulctacentrifuges, six Eppendorf centrifuges, four bench top clinical 
centrifuges, on microscope, two CO, ineubators, one shaking {ncubator, two 


shaking water baths, two balances, one shared spectrophoctometer, Five 
fraction collectors, two evaporators, twelve power supplies, and a number 
of electrophoresis aparati, heating blocks and water baths. 


Collaborative Arrangements : 


In addition to che personnel directly supported by chia grant, ve have 
the continuing support and advice of Dr. Ed Wolf, Professor of Electrical 
Engineering and Director of che National Submicron Facility. As co- 
{nvencor of the particle gun process, Dr. Wolf intends to continue to 
utilize his expertise in sub-micron structures and engineering, to develop 
better versions of che particle gun, and to test new acceleration 
principles. Dr. Wolf ts presently supporting and directing work to produce 
a more advanced parcicle gun research device for use in our labs. Dr. Wolf 
and Dr. Sanford have plans to apply to NSF far additional funds to study 
engineering aspects of the particle gun (see attached letter). 


Dr. D.B. Walden, Professor of Plant Sciences, University of Western 
Ontario, has agreed to collaborate with us in the studies relating to the 
bombarding of meristematic tissues of corn. He has agre+d co inscruct us 
in his methods of floral meristem isolation, culture, ard subsequenc in 
vitro pollination. He has also indicated thar he is eager to prepare and 
bombard meristema in hia own lab, using our technology, and in collabora- 
tion with ua (sea attached letter). 


Dr. M. Parthasarathy, Professor of Plant Biology, Cornell, has agreed 
to collaborate with us in the study of penetration efficiencies and relared 
cellular damage, using Cornell's SEM and TEM electron mictoacope Facility 
(see actached letter). AS$Z,000 user fee ig included in the second year's 
budgecr for this purpose. 
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Figure l: 
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4 acceleration mechanisms for use {mn particle gun design: 
an air wtream. 
transferred impulse. 
macroprojeccile. 
electric flelds. 


Acceleration 
Acceleration 
Acceleration 
Acceleration 
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z : ude sketch of particle gun system currently being fabricated. 
Segue 2 ae systex ates an easily cleaned, sterilized and loaded, 
, electrooically-fired gun asseubly, a non-sterile vacuum chamber 
for receiving gun discharge gases, a sterile vacuum chamber for 
cellular bombardment, a spring-loaded stopping plate, a baffle, 

and a sample placform. 
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Figure G: Several 4 micron Cungsten sphereo on the surface of an onion 
epidermal cell, following particle gun bombardment. 


“ Figure 9: A & micron tungsten sphere tngide the same cell shown in Figure 
4, focusing 20-40 aicrons below the cell's surface. 


Figure 6: Nine G-micron tungsten spheres inside a single living onion 
cell. (Up cto 29 micro-projectiles have been observed in a 
aingle living cell.) 


Figure 7: Most cells in a bombarded area contain 1-10 microprojectiles. 


More than 90% of the cells in a 1 cn® area contain spheres. 
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Figure 8: A 1,5 micron cungscen sphere inside a living epidermal cell of a 
bombarded cotyledon of rice. 


Figure 9: A 1.5 micron tungsten aphera inside a living epidermal cell of a 
bombarded cotyledon of wheat. 


Figure 10: Four micron tungsten apheres fluoresce brightly when coated 
with DNA and stained with DAPE (uncoated spheres do noe’ 
Eluoresce). 


Figure 11: THY viral inclusion body crystals in onion cells, following 
bombardment, seen in clusters of distinctive hexagonal plates 
2-10 mierona in diameter, 
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F re l2: Survival TECeGs of ontlon cells after penecration,{s Vv 
L 53) 4 


No. of CELLS 


except when penetrated by an excessive number of particles. 


200 


180 TOTAL No. of CELLS [7] 
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isure 3: CAT assay autoradiograph. Tirst lane is bacterial control; 
with very strong CAT activity. Lanes 2 and 3 are negetive 
controls representing unbombarded onion, and onion bombarded 
with pUC 13 control plasmid. ‘anes & and 5 are extracts 
from onion bombarded with p 355:CAT plasmid. The lower 
spots are unreacted chloramphenicol substrate. The upper 
(three? tends are the acetylated forms of the substrate. 
‘Urser bands indicate CAT enzyme activity in extract.) 
The sniong bombarded with p 355:CAT clearly have CAT 
activity. 


ed 


1,j-diacetyl ecnloramphenical ear ? 
Reaceatyl chloramphenicol _ _ 
eacetyl. chioramprenico. 2 ; 
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Knignt Laboratory. Cornell University 
Ithaca, NY 14853 (607)256-2329 


Fepruary 25, 1986 


Office of tne Director 


Prof. Jonn C. Sanford 

108 Hedrick Hall 

Department of Horticultural Sciences 

New York State Agricultural Experimental Station 
Geneva, NY 14456 


Dear Johr: 


| wish to express my continued excitement and commitment to our 
collaboration on the delivery of foreign substances into living cells using our 
particle gun method. | was very pleased to make available $10,000 in order 
for this research to proceed witn matching state funds. | am pleased to 
inform you that the design of an improved particle gun is now completed with 
the essential specifications we agreed to earlier. With regard to still other 
future improvements for accelerating submicron particles, | plan to propose 
to various agencies, NSF in particular, for the continued engineering and 
testing of advanced particle delivery systems. 


It is my hope that we will be able to continue to secure complementary 
funding for this research progrom as it evolves, In particular, | am very 
supportive of your present proposal to USDA, and hope that it will be funded. 


In closing, | would like to compliment Dr. Ted Klein for his excellent progress 
over the last year. | think both he and Nelson Allen have made superb 
contributions and we are fortunate to have them on this program. 


With best regards, 


Be ney 


Edward D. Wolf 
Director and 
Professor of Electrical Engineering 
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pop: ed Cornell University wows of Gitogcul Soences Plant nem nod Buikhing 
id secuon uf Plent Biulugy Hnaca. NY 1485J- S908 
607/266-4477 





February 25, 1986 


Or. John Sanford 
Geneva Experiment Station 
7 108 Hedrick Hall, Geneva 


Dr. R. Wu 
Biochemistry, Call and Molecular Biology 
W201 Wing Hall, Cornell University 


Dr. T. Klein 
Geneva Experiment Station 
225 Hedrick Hall, Geneva 


Dear Ors. Sanford, Wu and Klein: 


T have read through your USDA proposal on the delivery 
of DNA into regenerable tissue of monocots using high- 
velocity microprojectiles and find it both an innovative 
and exciting project. J shall be happy to cooperate in the 
project as far as cytological aspects are concerned. While 
I anticipate no changes other than supplies for work that 
might involve light microscopy, an annual fee of $2000 should 
be budgeted for the use of the Electronmicroscopy facility. 


Sincerely yours, 


Pi 


H iy ‘ 
Nv t.. The, | 


M.V. Parthasarathy 
Professor of Plant Biology 
Director, EM Facility 


MYPi 1g 
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Professional Vira: 
John C. Sanford 
Assistant Professor/Cornell University 
I. Personal Data 
Business address: Horticultural Sciences, Hedrick Hall 
Cornell University . 
Geneva, New York 14456 
Telephone: 315~787-2395 
Date of Birch: June 28, 1950 
II. Education: 
University of: Degree: Date: Major: 
Hinnesora ~ Sc. Paul BS 1976 Horticulture 
Wiaconsin - Madison MS 1978 Plant Breeding/ 
Plant Genetica 
; Wisconsin - Madison Ph.D. 1980 Plant Breeding/ 
a Plant Genetica 
Current Research 
An important gap exists between molecular and cellular plant biology 
versus whole plane biology. That gap muat be bridged conceptually and 
physically ££ breakthroughs on the molecular and cellular levels are going 
to have any relevance to basic and applied problems on the whole plant 
level. The main thrust of wy research ia to work at the interface between 
molecular genetics and plant breeding, to bridge chat gap. My central 
reeearch objectives currently involve a} development of new transformation 
technologies and b) methode of genetically engineering plant resistances. 
Publications relating to genetics end biotechnology 
Senford, J.C. and RE. Hanneman. 1982. <A poesibdle hetarotie thrashold in 
the potato and {ts implicarions for breeding. Theoretical and Applied 
Genetics. 61i:15i-159. 
Sanford, J.C. and R.E. Hannemann. 1982. Large yield differences between 
reciprocal families of Solanum tuberosum. Euphyrica 3lil-12. 
Sanford, J.C. and R.E. Hanneman. 1982. Interuacing of potato haploids and 
spontaneous sexual polyploidiracion ~ effects on heterozygosity. Am. 
Pot. J. §9:407~-414, 


Sanford, J.C. 1982. Pollen studies using a laser aicrobeam. In D.L. 


Mulcahy and E. Ottaviane (eds.) Pollen: Biology and Implications for 
Breeding, Proceedings of che International Syaposium on Pollen Biology 
Pe 107-1135, 
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Prese#, weet Lafayette, IN pp. 100-123. 
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Transformation” in Lycopersicon esculentum. Theoretical and Applied 
Genetics. 67:553-558. = 
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“egg trancéformation” in Lycopersicon esculentum using Cnereann ee pol= 
len. Theoretical and Applied Generics. 67:553+558. 
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and Applied Genetica 8 68:269~275.0 


Chyi, Y.S., J.C. Sanford, and B.1. Retach. 1984. Further atreapets co 
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Applied Genetics 68:277-283. 
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aleroprojectiles for the delivery of foreign substances into living 
cells. (submitted to Science). 
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pachogeno~derived resistance essing FE. colf and the phage, QB. 
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invited Papers 


Sanford, J.C., Y.-S. Chyi, and B.I. Refach. 1984, Attempta to elucidate 
the phenomenon of “egg transformation” ag mediated by irradiated pol- 
len. Symposium on Planr Biotechnology <- Gena transfer through non- 
traditional means. ASA national meetings. Now. 25-30, Law Vegan. 
1984. Agronomy Abstracts published by ASA, p.87. » 

Sanford, J.C. 1985. Regarding early claims of pollen—wedflated transforma- 
tion. Forest and Crop Blotechnology - Progress and Prospects. April 
18-20, 1985. Syracuse, N.Y. Springer Verlag (in presa). 


Fatenta Pending 


1. Particle Gun and Method for Transporting Substances into Living Cella 
and Tissues, 


2. Methods for Genetically Zngineering Reaistence to Viruaen and Other 
Parasites. 
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wu, Ray 
143-28~15-6 
~ CURRICULUM VITAE: Ray “u 
BIRTH DATE: August 14, 1928 PLACE OF BIRTH: Peking, China 
DEGREES: B.S. Chemistry, University of Alabama, 1950 


Ph.D. Biochemistry, University of Pennsylvania, 1955 


WORK EXPERTENCE: 


8/197 2-present Professor, Section of Biochemistry, Molecular and Cell 
Biology, Cornell University, Ichaca, NY 
2/1972-8/1972 Visiting Associate Professor, Department of Biology and 
A Chemiscery, MIT, Cambridge, MA 
9/1966-1/1972 Associate Professor, Section of Blochemistry, Molecular 


and Cell Biology, Cornell University, Ichaca, NY 
7T/LO71L-12/1971 Visicing Scleneist, MRC Laboratory ef Molecular Biology 
(with Dr. F.Sanger), Cambridge, England 


9/1965~8/1966 Visiting Investigator, Biochemistry Department (with Dale 
Kaiser), Stanford University, CA 
7/1957~6/196h Assistant; Agsociace; Associate Member, Departmentc of 


Diochemisctry, Public Health Research Institure of the 
City of New Yerk, Inc. 

1955-1957 Zamen Runyon Poscdoctoral Fellow, Cancer Research (vith 
Gr. Efraim Racker), Deparemene of Biochemistry, Public 
Heaith Research Instituce af the Ciry of New York, Inc. 


= PUBLICATIONS: 
165 original tesearch papers. Conctribuced chapters in 11 books. 
Edited four heoks: 
"Recombinant DKA” (Wu, K., ed.) Vel. 68 of Methods cf Enzymelery, 
Academic Press, 1979; 
"Ceneatic Engineering Techniques" (Huang, P.C., Kuec, T.T., and We, R., 
eds.), Academic Press, 1982; 
"Recombinant DNA", Pare B and Parr C (Wu, R., Gressman, L. and 
Moldave, K., eds.), Vel. 160 and Vel, 101 of Merhods of Enzymolegy, 
Academic Press, 1983, 
VROFESSTONAL SOCIETIES AND ORGANIZATIONS: 
american Society of Aielogical Chemises (1966) 
American Asseciation for the Advancement of Science (1960) 
American Chemical Seciaty (1955) 
HONORS AND AWARDS: 
1984-1987 Membar, Board of Setencifie Counselors, National Cancer 
Institute 
1984-1986 Membar, Panel of Scientifde Advisors, UNIDO International 
Center for Genetic Engineering and Biotechnology . 
1983-present Henorary Professership at Fudan University (Shanghad) 
1982, 1983 E. Lilly Research Fellowship Award 
1982 Elected Fellow, The Chinese Academy of Sefences, Taivan 
1982 Research Grant Reviewer, NIH Biochemistry Study Section 
panes 1976=1978 Chairman, Section of Blochemisery, Molecular and Cell 
Biology 
1971-1972 National Science Foundation Senior Postdoctoral Fellowship 
1955-1957 Damon Runyon Postdoctoral Fellow in Cancer Research 
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PUBLICATIONS: (selecced publicacions bercween 1981-1985) 


ianinsiisnarvortenareatreecrsis 


128. 


130. 


132. 


135. 


137. 


135. 


153. 


162. 


163. 


165. 


Searpulla, &.C., Agne, K.M. and Wu, R. (1981) Isolation and Structure of 
A Rat Cytochrome c Gene. J. Biol. Chem. 256, 6480-6486, 
Deng, G.R, and Wu, R. (1981) An Improved Procedure for Ucilizing Terminal 
Transferase te Add Homopolyers to the 3° Termini of DNA, Nuclete Acids 
Res. 9, 4173-4187, 
Scarpulla, R.C., Agne, K.H. and Wu, R. (1982) Cytochrome ¢ Gene=Related 
Sequences in Mammalian Genomes, Proc. Natl. Acad. Sed., USA 29. 739-743, 
Brousseau, R., Scarpulla, R., Sung, W., Hsiung, H.M., Narang, S S.A. and 
Wu, R. (1982) Synthesis of a Human Insulin Gene. V. Enzymatic Assembly, 
Cloning and Characterization of the Human Proinsulin DNA. Gene ate 
279-289, 
Lau, L.F., Roberts, J.W. and Wu, R, (1982) Transcription Terminates at 
Ac, in Three Clusters. Proc. Natl. Acad. Se4., USA 79, 6171-6175. 
Scarpulla, R.C. and Wu, R. (1983) Nonallelic Members of the Cytochrome c 
Multigene Family of the Rac May Arise Through Difference Messenger RNAg. 
Cell 32, 473-082, , 
Guo, L.H., Yang, R.C.A. and Wu, R. (1983) An Improved Strategy for Rapid 
Direece Sequencing of Boch Strands of Long DNA Molecules Clones in a 
Plasmid. Nucleic Acids Res. 11, 5521-5540. 
Yang, R., Friscensky, B., Deutch, A.H., Huang, R.C., Tan, Y.H., Narang, 
S.A. and Wu, R. (1983) The Nucleotide Sequence of a New Human Repecicive 
DNA Consists cf Eight Tandem Repeats of 66 Base Pairs. Gene 25, 595-66, 
Limbach, K.J. and Wu, R. (1983) Tsclacion and Characterization cf Two 
Alleles of che Chicken Cytochrome ¢ Gene. Nucleic Acids Res. il, 
8931-8950. 
Lau, L.F., Roberrs, J.W., Wu, R., Georges, F. and Narang, S.A. (i984) A - 
Potential Scem=Leop Structure and che Sequence CAAUCAA in the Transcript 
are Insufficient to Signal p~dependent Transcription Termination at 
AGRI. Nuclete Acids Res. 12, 1287-1299. 
Guo, L.H., Stepien, P.P., Tso, J.¥., Brousseau, R., Narang, $., Thomas, 
D.¥. and bu, R. (1986) Synchesis of Human Insulin Gene VIII. Censcruc~ 
tion of Expressicn Vectors for Fused Preinsulin Production in Escherichia 
coli. Cene 29, 251-254. : 
Kac, T.H., Moon, E. and Wu, R. (1984) Cytochrome Oxidase Subunic LI Cene 
of Rice has an Insertion Sequence Within che Inrren. Nucleic Acids Res. 
22, 7305-7315. 
wu, K., Wu, NHL, Zahre, H., Georges, F. and Narang, S. (1984) Purdftca~ 
tion and Sequence Analysis of Svnacheric Oligodeoxyribanuclectides. In 
"Oligonucleotide Synthesis, A Praccical Approach” (Gait, H.J,, ed.). 
IRL Press, Oxford, pp. 135-151, 
Limbach, K.J. and Wu, R. (1985) Characterization of a Neuse Somatic 
Cytochreme c Gene and Three Cytochrome c Pseudogenes. Nucleic Acids 
Res. 13, 617-630, 
Limbach, K.J. and Wu, R, (1985) Characterization of Two Drosophila 
melanogaster Cytochrome c Genes and Their Transcripts. Nucleic Acids 
Res, 13, 631-644, 
Tao, J.¥., Sun, X.H., Kao, T.H., Reece, K.S. and Wu, R. (1985) Isolation 
and Characterization of Rat and Ruman Glyceraldehyde-3-Phosphace Dehydro~ 
genase cDNAs: Cenomic Complexicy and Molecular Evolution of the Cene. 
Nucleie Acids Res. 13, 2485-2502. 
Hoon, E., Kao, T.M. and Wu, R. (1985) Pea Cytochrome Oxidase Subunic IL 
Gene has No Intran and Generates Two mRNA Transcripts with Different 
S'-cermini. Nucleic Acids Res. 13, 3195-3212. 


MGA0080520 _ 


Case 1:04-cv-00305-SLR Document 257-4 Filed 01/30/2006 Page 43 of 60 


Curriculum Vitae 


Theodore M. Klein, Postdoctoral Associate 
Deparment of Horticultural Sciences 
Hedrick Hall 
Geneva, NY 14456 


Date of birth: March 11, 1954 

Education: 

” MeGill University, B.S., Botany, 1976. 
The University of Connecticut, M.S., Plant Science (Microbiology minor) 1982. 
Cornell University, Ph. D., Agronomy (Microbiology minor), 1985. 


Publications: 


Klein, T. M. and J. S. Koths. 1980. Urease, protease, and acid phosphatase in 
soil continuously cropped to com by conventional or no-tillage methods. 
Soil Biol. Biochem. 12:293-294, ° 


Klein, T. M., J. P. Kreitinger, and M. Alexander. 1983. Nitrate formation in acid 
forest soils from the Adirondacks. Soil Sci. Soc. Am. J. 47:506-508. 


Klein, T. M., N. J. Novick, J. P. Kreitinger, and M. Alexander. 1984. 
Simultaneous inhibition of carbon and nitrogen mineralization in a forest soul by 
simulated acid precipitation. Bull. Environ. Contamination Toxicol. 32:698-703. 


Novick, N. J., T. M. Klein, and M. Alexander, 1984. Effect of simulated acid 
rain on nitrogen mineralization and nitrification in forest soils. Warer, Air and Soil 
Pollut, 23:317-330. 


Klein, T. M. and M. Alexander. 1985. Effect of the quantity and duration of 
application of simulated acid precipitation on nitrogen mineralization and nitrification 
in aforest soil. Warer, Air and Soil Pollur. In press. 


Kreitinger, J. P., T. M. Klein, N. J. Novick, and M. Alexander. 1985. 
Nitrification and characteristics of nitrifying microorganisms in an acid forest soil. 
Soil Sei. Soe. Am. J. 49:1407-1410. 


Klein, T. M. and M. Alexander, 1986, Bacterial inhibitors in lake water. Applied 
Environ. Microbiol. Accepted for publication. 


Stoo, H. F., T. M. Klein, and M. Alexander. 1986. Heterotrophic nimification in 
an acid forest soil and isolation of a fungus capable of nitrite production under acidic 
conditions. Soil Sci. Sec. Am. J. Submitted for publication. 


Klein, T. M.. J. GC. Sanford, and ED. Wolf. 1986. The use of high-velocity 
microprojectiles for the delivery of foreign substances into living cells. Science 
Submitted for publication. 
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Budgec Juscificacion: 


This budget requests supporr for a post-doc, @ technician, and as 
labwaide. Also requested are sufficience supplies for the two labs co 
perform the necessary tissue culture, molecular biology, and parcicle 
bombardment work. We estimate chac each of our Labs will expend $625 per 
month on expendables. We plan to process and assay @ large amount of 
cultured tissues and expect sizeable bills for media, plates, 
radioisotopes, antibodies, ete. Particle bombardment costs include cusctom— 

_made nylon macro~projectiles, custom-made nylon cushions, and tungsten and 

“gold microprojeccilea. Substantial chemical cosces ara algo anticlpaced for 
the electron microscope work, Capital equipment funda are principally 
meant to cover particle gun fabrication and modification costs. <A second 
advanced prototype will be Fabricated for Dr. Wu's lab using che capital 
equipment funds. We find chac the parcicle gun assembly is continuously 
undergoing experimental modificacion, and that custom-fabrication costs are 
very high. A Cornell user~fee of $2,000 ts required in the second year For 
SEM and TEM studies of bombarded cells (see attached letter from Dr, 
Parthasarathy). Cornell overhead costs and cost aharing are computed on 
separate sheets. 
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i OMB &pe wen T820.000! 
UNITED STATES DEPARTMENT OF ACMICULTU AE Ewoures 12/31. B6 
SCitece Ame Cou a TION 
PROTECTION OF HUMAN SUBJECTS 
acer aprinnrae aa eznenneaumesammmsmmmuinsatmmmmmtmeiaeeeaammemacmmmmmmuncuseummmmmenaasesmmsentansa iam emmmmaa eimai al 
camaaanamannae nameaammenemammmmunaual 
: STATEMENT OF POLICY — Sateguarding the rights and welfare of human subrects at risk in activities supported by Sc-ence and 
: Education +s ine respomsrdsicy of ine institution lo which support is provided. In order to provide far the adequate ditcnarge of 
this responsibility, USDA oot:cy requires a formal assurance that appropriate comenittees in each institution will carry out both 
initial resiew Of SPDDOSsIs, and continuing review of supported proiects. The Department also requires certification of such 
reviews. Procedures «mich meet Department of Health and Human Services (DHHS) requirements will meet USOA requirements 


(Secretary's Memorancum No. 1755 and PL 93-348 as implemented by Part 46 of Title 45 of the Code of Federal Regulation, 
as amended (45CFR46:1. 
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EK] Aw This project dogs not include activities involving human subjects. 


ee ee et 


[] @— This proect includes activities involving human subjects but can in no way be considered at risk. 
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Uf shun prateenent it checked, Ine perzon lpming mit tnstielet 
form must oie wttael it ttre Rowew provided. } 


CT] G— This project, which includes activities involving human subjects, is pending review by an institutional 
commuttee as provided by our assurance. Certification of completion of the review will be provided as 


$o0n as pastible. (Certfasnen wilt be retubmirced on Form Sb E-B4, denuifiog as “Fallow up” in stem 2, and 
checked in boa “D"} 
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This project includes activities involving human subdiects. Our institutional committees reviewed and 


upproved it pn im accordance with our assurance approves by SSE and/or 
; DHHS. The project will be subject to continuing review 2s provided {mr in that zisurance, 
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OMB Approved OS°5.0001 
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See DHHS "eeutations regarding the use of human subjecti, appearing im Title 45, Code of Faderat Regulasons, 
Part 46. Supitie 4. 


& This project does not involve recombinant DNA research, 
Dri project involves recombinant DNA research. 
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The Use of High-Velocity Microprojecules tor the Delivery of Foreign Substances into 
Living Cells 


TO SD KLELS, J. CC SANFORD, E. DD WOLF 


eee catenins erates ANN 








It is demonstrated that high velocity micro-projectiles can act as vehicles for the delivery of 
macromolecules into cells. Using a device termed a particle gun, small tungsten projectiles 
were accelerated to high velocities, allowing them to penetrate plant cell walls and 

~ membranes and enter into the ceil’s cytoplasm in a nonlethal manner. About 90% of the 
cells ina] cr? area of Allium cepa epidermal tissue (about 2000 cells) were observed to 
contain tungsten projectiles in their interiors following bombardment with the particle gun. 
Somme tungsten projectiles have sufficient momentum to penetrate A. cepa bulb tissue toa 
depth of about 120 um and can enter cells as deep as the third subepidermal tayer. — 
Typically, 80 to 95% of the penetrated cells remained viable and projectiles within cells 
often moved in conjunction with the cytoplasmic stream, Ribonucleic acid isolated from 
tobacco mosaic virus was adsorbed to the surface of the tungsten projectiles and these 
projectiles were accelerated into A. cepa epidermal tissue. Delivery and expression of the 
RNA was monitored by microscopically examining the cells for the presence of viral 
inclusion bodies after incubating the tissue for 48 h. From 23 to 44 % of the cells 
possessing projectiles also harbored viral inclusions, indicating that the particle gun can 
efficiendy deliver nucleic acids to large numbers of cells, in situ, simultaneously. This 
new method of delivering macromolecules into living cells and tissues should have diverse 
scientific applications. 


rm. 














T. M. Klein, J. C. Sanford, Department of Horticultural Science, New York State 
Agricultura] Experiment Station, Cormell University, Geneva, NY 14456. 


E. D. Wolf, National Research Facility for Submicron Structures, Comell University. 
Tthaca, NY 14653. 
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Metaods which facilitate the ransfer of macromolecules into living cells are critical 
for numerous geneuc. cytological, and biochemical studies (1). We have developed a 
new method for the celivery of foreign substances into cells which employs a device we 
term a “parncle gun". In developing this method, we reasoned as follows: 1) small 
projectiles, when accelerated to high velocities, should be able to pierce cell membranes 
and cell walls and thereby enter the cell's cytoplasm; 2) lesions at the cell's surface 
resulting trom such penetration could be as small or smaller than lesions resulting from 
microinjection (2), and such lesions might be capable of rapid self-sealing; 3) the 
projectile being accelerated into the cell might constirute the desired foreign substance itself, 
or the projectile might carry the foreign substance on its surface or in its interior: 4) large 
numbers of cells could be affected simultaneously, in situ, with minimal disruption, 
eliminating the need for cell wall removal, tissue maceration, ia vitro cell culture, or 
single cell manipulations. 


In order to test this concept, we developed numerous particle acceleration devices, 
Theracceleration device we are currently using is diagramed in Fig. Z#.This device is 
capable of accelerating tungsten microspheres to velocities of about 430 m sec! (3). About 
0.5 mg of tungsten particles (average diameter 4 um, General Electric Corp., Refractory 
Metals Division, Cleveland, OH) ts placed on the front surface of a cylindrical nylon 
projectile (5 mm diameter, 8 mm length) as a dry powder or in suspension in 2 to 3 ul of 
water. A gun powder charge (GY22AC, gray extra light, No.l, Speed Fasteners tne., 
St. Louis, MO), detonated with a firing pin, is used to accelerate the nylon projectile 
down the barrel of the device. The tungsten particles continue toward the target cells 
through a small] mm aperture in a steel plate designed to stop the nylon projectile. Targer 
cells are placed about 10 to 15 em from the end of the device. 


We have chosen to use Alliwn cepa as a model plant species because of its large, 
cnloroplast-free epidermal cells which are easily sipped away from bulb scales as a single 
layer, The efficiency with which projectiles penetrate and enter epidermal cells of this 
species can be readily. assessed byoptical sectioning’. Figure 2 shows both the surface and 
interior of an epidermal cell from ati A. cepa bulb séale following bombardment with 
tungsten projectiles 4 um in diameter. Several projectiles can be seen on the surface of this 
cell (Fig. 2a By focusing into the same cell to a depth of approximately 40 um, itcan be 
seen that a tungsten projectile had penecrated the cuticle, wall, and membrane of the cell 
and had entered the interior of that cell (Fig. 26) Many cells can be bombarded 
simultaneously and about 90 per cent of the cells ina 1 cm? area of A. cepa epidermal 
tissue (about 2000 cells) typically contain projectiles following bombardment, Projectiles 
can also be observed in subepidermal tissue following bombardment. Projectile velocities 
currently attainable with the particle gun permit limited penetration into onion tissue to a 
depth of 120 ur, or 4 cell layers. Thus, sufficient kinetic energy is produced to allow a 
single microprojectle to pierce 7 cell wall and membrane layers. 


Once in the cell, most (50 to 75%) of the projectiles can be observed to move in 
conjunction with the cytoplasmic stream. The motion of the projectiles is generally smooth 
a$ Opposed to the saltatory movernent of small (0.3-0.5 um) particles microinjected into 
animal cells (4). In some cases, cytoplasm builds up behind the projectile and, while 
flowing around it, appears to push the projectile foward. In other instances, an 
appreciable amount of cytoplasm does not accumulate behind the projectile and the 
projectile moves ala rate cquivalent to the cytoplasmic stream with which it is associated, 
The mechanism causing the motility of these relatively large, dense foreign particles seeins 
purticularly intnguing and a thorough study of their motion may provide insights into 
cytoplasmic streaming and the wansport of organelles in plant cells. 
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Cells can survive penctration by multiple projecules. Apparently the lesions formed 
by the microprojectiles in the cell membrane are small and seal rapidly. Figure 3e“shows a 
iiving epidermal cell with 9 cungsten paricles in 18 interior, Up to 29 projectiles have been 
observed widhin a single living cell, However, viability of the cells (as determined by the 
maintenance of cytoplasmic streaming following bombardment) is adversly affected by 
peneration by a large number of projectiles. Cell survival is 95% or greater among cells 
containing less than 11 projectiles while many of the cells that contain larger numbers of 
projectiles do not survive (Fig. By controlling the quantity of tungsten particles which 
land on the surface of the cells, the number of projectiles penetrating the tissue can be 
controlled such that high rates of viability can routinely be maintained. Except for the 
presence of the tungsten particles, bombarded cells do not differ visually from untreated 
cells and remain viable for as long as ussue which was not bombarded (up to 2 weeks). 


RNA was isolated (5) from tobacco mosaic virus (TMV) strain U;, and adsorbed to 
the surface of 4 um tungsten projectiles. To accomplish the adsorption, 2 ul of a TMV- 
RNA solution (2 ug of RNA per microliter of distilled water) was added to 18 ul ofa 
suspension of tungsten projectiles (0.01 g of tungsten per millileter of distilled water), The 
RNA was precipitated by the addition of 7.5 ul of a0.25 M CaClz solution and the 
resulting suspension was centrifuged for 30 min at 13,000 g. The particles were 
resuspended and 3 ul of the suspension was placed on the front surface of the nylon 
projectile, Centrifugation brings the RNA precipitate into close association with the 
tungsten surfaces and results in uniform adsorpuon which can be visualized by staining 
with the fluorescent dye DAPI (6) (Fig. #/°A similar technique has been used to adsorb 
DNA to the surface of the tungsten particles. Such DAPI-DNA labeled tungsten particles 
have been observed to fluoresce in onion epidermal cells following bombardment 
demonstrating the effective delivery of DNA into these cells. Once in the cell, projectiles 
fluoresce for only a short time, suggesting that material diffuses from the surface of the 
sphere. 


TMV-RNA coated projectiles were used to bombard A. cepa epidermal tissue with 


the particle gun. Following bombardment, the tissue was incubated for 48 h at 21°C. 
Expression of the viral RNA was monitored by micros ra examination of the bombarded 
cells for the presence of viral inclusion bodies (Fig. S]‘which are crystalized virus particles 
that often take the form of hexagonal plates or clusters of such plates (7). About 30 to 40% 
of the cells containing projectiles (or nearly 30% of the total number of cells) ina 1 cm? 
area of tissue contained inclusion bodies (Table 1). These distinctive crystalline inclusions 
have never been observed in the thousands of cells we have examined in unbombarded 
tissue or in Ussue bombarded with naked projectiles. As an additional control, TMV-RNA 
was precipitated with CaCl, as described above, except the tungsten particles were not 
included in the preparation. The resulting suspension was spread with a glass rod overa | 
cm? area of A. cepa epidermal tissue either before or after bombardment with naked 
spheres. Inclusion bodies were not observed in these samples indic.wing that the RNA did 
not simply enter the cells through openings formed by the passage wl the spheres through 
the cell wall. In addition, inclusion bodies were not observed in A.ccpa epidermal cells 
after TMV-RNA coated projectiles (30 ul of a preparation produced as described above) 
were spread over al cm? area of tissue with a glass rod. These results clearly show that 
the particle gun can deliver nucleic acids in a biologically active form to a large number of 
cells simultaneously. The rates of infection observed here are comparable to that found for 
TMY-RNA delivery to protoplasts by liposome uptake (8) or electroporation (9). 


The particle gun should offer several significant advantages for delivering nucleic 
acids to plant cells and may be of particular value for species that cannot be genetically 
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engincered Success:uily with existing techniques. Although several delivery systems have 
been used to transfer genes into dicotyledonous plant specres (1, 10), these techniques 
have not proven useful for the production of whole, transformed plants of Graminaceous 
species such as nce, wheat, orcornm The utilization of Aprobactertivn as a vector for the 
transfer of genes to important monocots is currently limited by the restricted host range of 
the bacteria (L1). Genes have been transferred to protoplasts of Triticium monococcwn and 
Lolium multiflorum by coincubation with plasmid DNA (12) and to Zea mays by 
electroporation (13) but these techniques are hampered by the difficulties of regeneration of 
whole plants from protoplasts. One appealing feature of the particle gun is that it allows 
treatment of cells whose walls are intact. Because the obstacle of regenerating whole plants 
from protoplasts may be circumvented, the genetic engineering of important grain species 
may be facilitated. Furthermore, delivery of nucleic acids to plant cells by the particle gun 
should not be hampered by Species restrictions as is apparently the case for agrobacterial 
mediated delivery. Also of significance is the fact that many cells can be treated 
simultaneously, in situ, making the transformation of regenerable portions of plants such 
as meristematic or embry onic dssue conceivable. 


In addition to having potential value for the delivery of nucleic acids into plant cells, 
the particle gun may be a useful tool for numerous other applications, such as antrnal cell 
transformation, und the :ntracellular delivery of a wide range of biologically significant 
molecules (i.e., antibodies and enzymes) suitable for a vanety of studies on diverse cell 
types. 
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Table 1. PercentofA. cepa epidermal cells containing TMV inclusion bodies following 

bombardment with projectiles to which TMV-RNA was previously adsorbed. About 50 

microscope fields at 500x were observed for each piece of tissue 48 h after bombardment of 
“al om? area of tissue. 


ett Naat TS eT COUR Diy SET ERAN Se WU el Ha 





Se aR Re NERD Eee eH AE Am mahi Se 


No. of cells containing projectiles 





Trial without inclusions with inclusions % 
l ae 34 43.6 
om ve 85 35 29.2 
) 168 98 36.8 
4 rh | 76 22.8 
5 147 Sz 26.1 
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THIS EXHIBIT HAS BEEN 
REDACTED IN ITS ENTIRETY 


